The estimation of body size among the earliest members of the genus Homo (2.4e1.5 Myr [millions of years ago]) is central to interpretations of their biology. It is widely accepted that Homo ergaster possessed increased body size compared with Homo habilis and Homo rudolfensis, and that this may have been a factor involved with the dispersal of Homo out of Africa. The study of taxonomic differences in body size, however, is problematic. Postcranial remains are rarely associated with craniodental fossils, and taxonomic attributions frequently rest upon the size of skeletal elements. Previous body size estimates have been based upon well-preserved specimens with a more reliable species assessment. Since these samples are small (n < 5) and disparate in space and time, little is known about geographical and chronological variation in body size within early Homo.
Introduction
Body size is one of the most important biological characteristics of an animal. It plays a central role in the overall biology and adaptive strategy of organisms, correlating with numerous physiological, energetic, behavioural, and life history traits (Peters, 1983; Calder, 1984; Damuth and MacFadden, 1990; Brown and West, 2000) . Studies of body size have focused on many hominin genera and species (McHenry, 1975; Foley, 1987; Aiello and Wood, 1994; McHenry and Coffing, 2000) , including Paranthropus, Australopithecus (Wolpoff, 1973; McHenry, 1974 McHenry, , 1991 McHenry, , 1992 Olivier, 1976; Feldesman and Lundy, 1988; Jungers, 1988a; McHenry and Berger, 1998) , and fossil Homo (Feldesman et al., 1990; McHenry, 1991 McHenry, , 1992 Hartwig-Scherer, 1993 Ruff and Walker, 1993; Ruff et al., 1997; Holliday, 2012; Carretero et al., 2012; Dingwall et al., 2013) .
In this study, we focus on body size variation of the earliest members attributed to the genus Homo, which first appear around 2.4e1.8 Myr (million years ago) in the fossil record of eastern and southern Africa (Wood, 1992; Schrenk et al., 1993 Schrenk et al., , 2007 Kimbel, 2009; Ant on, 2012) . In this time frame, three species are recognized by many (though not all) scholars: Homo habilis, Homo rudolfensis, and Homo ergaster (or African Homo erectus). Differences in cranial morphology of non-H. ergaster finds in eastern Africa, best exemplified by the specimens KNM-ER 1813 (H. habilis sensu stricto) and KNM-ER 1470 (H. rudolfensis), support the existence of three contemporary early Homo taxa (Groves and Maz ak, 1975; Wood, 1992 Wood, , 1999 Rightmire, 1993; Lieberman et al., 1996; Schrenk et al., 2007; Spoor et al., 2007; Ant on, 2012; Leakey et al., 2012; Ant on et al., 2014) . We refer to these three species with the informal term 'early Homo' in a slightly expanded time range of 2.4e1.5 Myr.
Body size has been implicated as a factor contributing to both brain evolution (McHenry, 1994; Kappelman, 1996; McHenry and Coffing, 2000) and the first hominin dispersals into Eurasia (Ant on et al., 2001; Ant on and Swisher, 2004; Wells and Stock, 2007; Fleagle et al., 2009; Pontzer, 2012) . More detailed knowledge of the spatial and temporal variation in hominin body size evolution can improve interpretations of the origins and adaptive strategies of the genus Homo (Kimbel, 2009; Ant on and Snodgrass, 2012; Carretero et al., 2012; Pontzer, 2012) . New information on body size variation also helps to address the question of whether or not there were two separate lineages in the Early Pleistocene fossil record of eastern Africa in addition to H. ergaster and whether the sizes of these species are more similar to taxa within the Australopithecus or Homo grade (Wood, 1992; Lieberman et al., 1996; Suwa et al., 1996; Wood and Collard, 1999; Blumenschine et al., 2003; Haeusler and McHenry, 2004; Leakey et al., 2012; Ant on et al., 2014) .
Previous studies of body size among early Homo suggest that H. habilis and H. rudolfensis remain close in body mass and stature to the australopithecines (Feldesman and Lundy, 1988; McHenry, 1991 McHenry, , 1992 Hartwig-Scherer, 1993; McHenry and Coffing, 2000 ; but see; Holliday, 2012) . Homo habilis in particular is often interpreted as exhibiting small body size and plesiomorphic body proportions, characterized by lower limbs that were short relative to the upper limbs, similar to Australopithecus (Johanson et al., 1987; Hartwig-Scherer and Martin, 1991; McHenry and Berger, 1998; Richmond et al., 2002 ; but see McHenry, 2004, 2007) . Many of these interpretations rest on the partial skeleton OH 62, with an estimated stature of 100e120 cm (Feldesman and Lundy, 1988; Jungers, 1988b ) and a body mass of 20e37 kg (McHenry, 1992; Hartwig-Scherer, 1993) . Partly based on these results, some scholars have even challenged the placement of H. habilis into the genus Homo (e.g., Wood and Collard, 1999; Wood, 2009; Berger et al., 2010) . The origin of H. ergaster at~1.8 Myr is often considered a major adaptive shift in human evolution (Feldesman and Lundy, 1988; McHenry, 1988 McHenry, , 1991 Ruff and Walker, 1993; Wood and Collard, 1999; Ant on, 2003; Lieberman, 2007; but see; Ant on, 2012; Ant on and Snodgrass, 2012; Pontzer, 2012) , based largely upon evidence for an increase in stature and mass (to around 160e185 cm and 50e70 kg) and the evolution of modern human-like limb proportions with lower limbs that are long relative to upper limbs. Scholars usually link these developments to changes in locomotion (Steudel-Numbers and Tilkens, 2004; Steudel-Numbers, 2006; Ruff, 2009; Pontzer et al., 2010) , as well as foraging behaviour and diet (Foley, 2001 (Foley, , 2002 Ant on et al., 2002; Ant on, 2003; Ant on and Swisher, 2004) . The notion of apomorphic body size and proportions in H. ergaster is based primarily on the well-preserved specimens KNM-WT 15000 at 1.47 Myr (Walker and Leakey, 1993; Ruff and Burgess, 2015) and KNM-ER 1808 at 1.60 Myr McDougall et al., 2012) .
The prevailing views on body size evolution have been challenged by the recovery of postcranial remains that indicate smaller body sizes (Simpson et al., 2008 (Simpson et al., , 2014 and small-sized cranial remains (Spoor et al., 2007) from eastern Africa that are attributed to H. ergaster (but see as well as the discovery of smallbodied early Homo in Dmanisi, currently the oldest hominin fossils outside of Africa (~1.77 Myr; Gabunia et al., 2000 Gabunia et al., , 2001 Lordkipanidze et al., 2007 Lordkipanidze et al., , 2013 Ferring et al., 2011) . The Dmanisi fossils exhibit a mixture of plesiomorphic and derived traits in their postcranial morphology, raising issues about their taxonomy and dispersal capacities. While elongated lower limbs are suggestive of adaptations to locomotor efficiency, their estimated body size and leg length, as well as their metatarsal morphology, are less derived compared with H. ergaster (Lordkipanidze et al., 2007; Pontzer et al., 2010) .
The most recent studies to estimate and compare body size within early Homo were conducted over 20 years ago (McHenry, 1991 (McHenry, , 1992 Ruff and Walker, 1993; summarized in McHenry and Coffing, 2000 ; but see; . These landmark studies have provided widely used methods and estimates of body size for early Homo (see McHenry, 1994; Kappelman, 1996; Wood and Collard, 1999; McHenry and Coffing, 2000; Aiello and Key, 2002; Ruff, 2002; Steudel-Numbers and Tilkens, 2004; Steudel-Numbers, 2006; Robson and Wood, 2008; Klein, 2009; Carretero et al., 2012; Holliday, 2012; Pontzer, 2012; Dingwall et al., 2013; Ant on et al., 2014) . Estimates of the stature of fossil Homo have primarily been based upon regression equations (McHenry, 1974; Feldesman and Lundy, 1988; Ruff and Walker, 1993; Carretero et al., 2012; Dingwall et al., 2013) , but some researchers used a generic femurstature ratio (Feldesman et al., 1990; McHenry, 1991) . Body mass estimates most commonly employ mechanical methods (McHenry, 1988; Hartwig-Scherer, 1993 based on the relationship between linear measurements of the skeleton and known living body mass from reference individuals (Ruff et al., 1991; McHenry, 1992; Grine et al., 1995; Auerbach and Ruff, 2004; Holliday, 2012) .
1 Table 1 provides a summary and methodological overview of previous studies that have estimated the body size of early Homo specimens that are also included in this study.
Practical and methodological problems
Studies of the evolution of body size in early Homo face several practical and methodological challenges. In order to investigate taxonomic variation of body size, species designation of the postcranial material used in the estimation is crucial. At present, however, there is no consensus on morphological traits that characterize the postcrania of early Homo, which frequently results in multiple taxonomic attributions for individual fossils (Wood, 1992; McHenry, 1994; Wood and Collard, 1999; Haeusler and McHenry, 2004 ; see also Table 2 ). The often fragmentary and isolated nature of the postcranial fossil record for early Homo complicates this situation (Wood, 1992; Hartwig-Scherer, 1993; Reno et al., 2005; Rightmire and Lordkipanidze, 2009; Ant on, 2012; Dusseldorp et al., 2013) . Without associated craniodental remains, palaeoanthropologists often assign isolated postcrania to species based on the size of the skeletal element (cf. Wood, 1992; Ant on, 2012 ). This procedure, however, introduces circularity: as most large elements are assigned to H. ergaster, the specimens from this taxon will naturally yield the largest values when used to estimate body size.
There is also no consensus on the hypodigms for any of the early Homo species. Their taxonomy remains one of the most controversial issues in palaeoanthropology (for more details of the discussions in the last two decades see Wood, 1992 Wood, , 2009 Wood, , 2014 Grine et al., 1996; Lieberman et al., 1996; Suwa et al., 1996; Wood and Collard, 1999; Blumenschine et al., 2003; Schrenk et al., 2007; Kimbel, 2009; Jim enez-Arenas et al., 2011; Ant on, 2012; Van Arsdale and Wolpoff, 2013; Ant on et al., 2014) , as exemplified by recent discoveries in Koobi Fora (Leakey et al., 2012) and Dmanisi (Lordkipanidze et al., 2013; Spoor, 2013; Schwartz et al., 2014; Wood, 2014; Zollikofer et al., 2014) . Even when postcranial bones are associated with craniodental remains, there are only a small number of specimens with an unambiguous taxonomic assignment. Since early Homo was sympatric with Australopithecus and Paranthropus at the principal fossil sites in eastern and southern Africa, this issue also applies to the genus level (McHenry, 1992; Wood, 1992; McHenry and Coffing, 2000; Spoor et al., 2007; Wood and Lonergan, 2008; Wood and Leakey, 2011; Dingwall et al., 2013; Dusseldorp et al., 2013) .
Two examples highlight these problems. In 1986, Alexeev proposed the taxon H. rudolfensis for fossil material from Koobi Fora dating to >1.8 Myr. Since the definition of this taxon, both its integrity as an independent species and the composition of its hypodigm have been controversial (Tobias, 1991; Wood, 1992 Wood, , 1999 Rightmire, 1993; Lieberman et al., 1996; Suwa et al., 1996; Blumenschine et al., 2003; Jim enez-Arenas et al., 2011; Ant on, 2012; Ant on et al., 2014) . At present, no postcranial remains are directly and unequivocally associated with H. rudolfensis (Wood, 1992; Lieberman et al., 1996; Kimbel, 2009; Rightmire and Lordkipanidze, 2009; but see; McHenry and Coffing, 2000; Haeusler and McHenry, 2004) . In southern Africa, taxonomic attribution for early Homo is even more problematic for the isolated postcrania found in cave sites such as Swartkrans. Here, assigning postcranial remains to either Paranthropus or Homo has been hampered by the lack of direct association with craniodental remains. Scholars attributed specimens to early Homo mainly on the basis of morphological affinities to modern humans or eastern African Homo fossils (e.g., Napier, 1959; Susman, 1989; Susman et al., 2001; Grine, 2005; Pickering et al., 2011; Dusseldorp et al., 2013) .
In summary, an accurate analysis of taxonomic variation in body size based on postcranial remains alone is problematic. While the studies summarized in Table 1 may provide accurate estimates of body size variables for species, the small sample sizes used are prone to the effects of outliers (Harmon and Losos, 2005; Smith, 2005; Schillaci and Schillaci, 2009; Plavcan, 2012) and limit the potential for statistical analyses (Siegel and Castellan, 1988; Sokal and Rohlf, 1995; Zar, 1996; Pontzer, 2012) .
Apart from these practical caveats, there are a number of methodological problems in creating regression equations to estimate the body size of extinct Homo. Choosing an appropriate reference sample for the estimation of body size in early Homo can be problematic as Plio-Pleistocene fossils are not members of any extant species. While various models have been used (see Table 1 ), most studies have found modern humans to be most appropriate for Plio-Pleistocene Homo (e.g., McHenry, 1991 McHenry, , 1992 Ruff et al., 1997 ; for more details see Hartwig-Scherer, 1993 . When using modern humans as a reference sample, the inclusion of small-bodied individuals is essential as the size of the target specimens compared with the reference sample directly affects the accuracy of the prediction equations (Steudel, 1985; Dagosto and Terranova, 1992; Hens et al., 2000; Porter, 2002; Kurki et al., 2010) . In addition, the body proportions of the comparative sample should be similar to the fossil taxa (Trotter and Gleser, 1952; Ruff, 1994 Ruff, , 2002 Holliday and Ruff, 1997) .
For fragmented and isolated postcranial bones, measurements normally used for body size estimation (e.g., long bone length) are frequently not preserved. In such circumstances, other linear measurements must be employed (e.g., Byers et al., 1989; Meadows and Jantz, 1992; Hartwig-Scherer, 1993; McHenry and Berger, 1998; De Groote and Humphrey, 2011) . Fossils that exhibit both cranial and postcranial bones, such as KNM-WT 15000, KNM-ER 1808, and OH 62, are the most reliable individuals to assess body size because the performance of several estimators can be compared (McHenry, 1992; Walker and Leakey, 1993; Hartwig-Scherer, 1994) .
To address the problems associated with taxonomy and the small numbers of fossils for which size estimates are available (Aiello and Wood, 1994; Smith, 2005; Schillaci and Schillaci, 2009 ), we pursue a 'taxon-free' approach to analyse variation in body size among early Homo. Instead of focussing on taxonomy, this study examines two parameters that are easier to control: geography and chronology. Previous studies have rarely examined these dimensions of body size variation in early Homo since they used small samples of fossils that are disparate in space and time. Such an approach, however, is important as body size constitutes a highly plastic trait with multifactorial inheritance that is influenced by not (Brown and Feibel, 1985; Feibel et al., 1989 Feibel et al., , 2009 Isaac and Behrensmeyer, 1997; Brown et al., 2006; Gathogo and Brown, 2006; McDougall and Brown, 2006; Lepre and Kent, 2010; Brown and McDougall, 2011; Joordens et al., 2011 Joordens et al., , 2013 Wood and Leakey, 2011; McDougall et al., 2012) , Olduvai (Leakey, 1971b; Tobias, 1991; Wood, 1991) , South African cave sites (Brain, 1993; Kuman and Clarke, 2000; Curnoe et al., 2001; Susman et al., 2001; Balter et al., 2008; Herries et al., 2009; Pickering and Kramers, 2010; Herries and Shaw, 2011; Dusseldorp et al., 2013dbut note the very complicated stratigraphy and associated dating problems), and Dmanisi (Lordkipanidze et al., 2007 (Lordkipanidze et al., , 2013 Ferring et al., 2011; Lordkipanidze et al., 2013) . c Not included in the estimation procedures as the specimens were clear subadults or matching measurements in the reference sample were lacking. d 'D2600' and 'D2700/2735' refer to the postcranial specimens associated with these cranial elements (see Lordkipanidze et al., 2007) .
just taxonomy but also ontogeny, diet, resource availability, climate, and environment (e.g., Wells and Stock, 2011; Ant on and Snodgrass, 2012; Kuzawa and Bragg, 2012; Plavcan, 2012) . Geography and chronology constitute two key elements of these influences. A temporal analysis also allows investigation of the tempo and mode of body size evolution in early Homo. We examined temporal and spatial variation in body size among fossils of early Homo by developing new regression equations to estimate size variables using isolated and more fragmentary postcranial fossil evidence. The central assumption of our analysis is that all linear skeletal measurements will, to some extent, be correlated with body size. However, the direct size comparison of different elements of the skeleton is impossible without determining the relationship of their size to common size variables. After identifying which measurements were available for the fossil material, we used the same measurements to derive regression equations for body size estimation using a globally representative sample of modern human hunter-gatherers. Equations that provided significant correlations with estimates of body size for these skeletons were then used to predict body size for fragmentary fossils of early Homo, including specimens for which no such predictions have yet been published. Using an expanded dataset of body size estimates, we address the following questions: a) Was there a general temporal increase in body size within early Homo?, b) Were there spatial differences in body size within early members of the genus?, and c) Is there evidence for an increase in body size prior to the first appearance of the genus Homo at Dmanisi?
Methods and materials
The challenge of interpreting size variation from fragmentary fossil remains is one of 'extracting' the size information of different specimens and using this to estimate common size variables that can be directly compared. To accomplish this, we compiled published and unpublished postcranial metric data of fossils purported to represent Homo between 2.2 and 1.5 Myr from the literature (Supplementary Online Material [SOM] Appendix 1). We included specimens if their taxonomic designation to the genus Homo was considered the 'most probable.' 2 The postcranial database represents 47 fossils (Table 2) and 420 linear measurements (see SOM Table 3 ). We gathered these data from approximately 100 journal publications and book chapters, 15 monographs, and personal communications with two researchers (J. DeSilva and R. Susman). For each specimen, the sources of these measurements were noted and the quality of the gathered data evaluated (see SOM Appendix 1 and SOM Tables 1e3). Since the omission of raw measurements in publications has proven a real problem to this study, we provide all data in a supplementary Excel spreadsheet (SOM EarlyHomoPostcrania.xlsx). We categorized the fossils into five spatiotemporal groups (Table 3 ; Fig. 1 ), rank ordered by age (1 is the youngest, 5 the oldest). These units constitute artificial constructions but they exhibit clear boundaries and allow for a taxonfree analysis of geographical and chronological variation in body size among early Homo. While using the more fragmented material enlarges the available sample size for postcranial remains of early Homo, many of the measurements that are usually employed to estimate body size are not preserved. For these fossils, substitute measurements that show a statistically significant correlation with parameters of body size were used, including postcranial elements rarely utilised in body size estimations (e.g., vertebrae or metacarpals). We identified reliable predictors of body size by deriving regression equations from modern human populations for the same measurements and analysing their performance (by p-value; R 2 , %SEE, and %PE; see below). The modern human populations used as a reference sample were predominantly hunter-gatherers, representing a wide range of body proportions and sizes. Hunter-gatherer groups constitute a particularly appropriate reference sample because their locomotor and subsistence strategies are most similar to extinct Homo. They also lack the positive secular (post-industrial) growth effects that are nearly ubiquitous among modern human populations (Trotter and Gleser, 1958; Ruff, 1994) , which have been commonly used to construct regression equations for body mass and stature applied to extinct hominins. The modern human data included 828 adult individuals from 17 populations that span five continents and cover a time range from the African Late Pleistocene (~20,000 BC) until the recent past. All linear measurements were taken by one of the authors (JTS). The populations inhabited several different climatic zones, including both high-latitude and equatorial areas ( Fig. 1 ; see SOM Table 4 ). The reference populations also include small-bodied foragers from the Andaman Islands and the Late Stone Age (LSA) of southern Africa (Stock and Pfeiffer, 2001 ). We found a total of 95 corresponding linear measurements for creating regression equations from this reference sample applicable to the early Homo specimens (SOM Table 6 ). By this selection of measurements, we could estimate adult body size for 39 specimens of early Homo.
Although we use a globally representative sample of modern humans for estimating body size, equations deriving exclusively from tropical populations might yield more accurate results for the eastern African early Homo specimens as they inhabited the same latitudes (see Ruff, 1994 Ruff, , 2002 Holliday and Ruff, 1997; Holliday, 2012) . To control for this potential bias, we also calculated regression equations from the sub-sample of tropical populations in our reference database and applied them to fossils from eastern Africa. Subsequently, we compared the predictions of body size for each specimen between the tropical and global regression equations.
While using an osteological sample from hunter gatherers carries several advantages over living humans, the main drawback is that neither body mass nor stature is known for these individuals. The stature of each reference population was estimated by population-specific regression equations (see SOM Appendix 1 and SOM Table 7 ). We chose femoral head diameter (FHD) as the best indirect indicator of body mass because the hip joint is the major weight-bearing articulation (Ruff et al., 1991 McHenry, 1992 ; Ruff and Burgess (2015) .
2 For some of the included specimens, genera other than Homo have been proposed. Since this study takes all its taxonomic information from the literature, the principle of majority rule was applied. 'Most probably' in this context means that only fossils that are frequently (and by many different authors) assigned to Homo are included in the database. . Femoral head diameter is also preserved in many individuals of the reference population, enabling direct calculation of regression equations for the estimation of FHD from other variables. In subsequent analyses, we assessed body mass of early Homo fossils in a two-step procedure: first by the predicted FHD for each specimen and second by the estimation of body mass from this predicted FHD. The latter procedure follows the methodology of Ruff (2010; for description of the method see SOM Appendix 1, Procedure of body mass calculation from FHD in early Homo). We want to emphasize that the body mass and stature estimations applied here include multiple steps of prediction and thus generate cumulative error (Feldesman and Lundy, 1988; Porter, 2002) . Therefore, the resulting absolute values should be treated with utmost caution (Smith, 1996) . Taking these problems into account, we follow Steudel (1985) and directly compare our body size estimates with one another, which are all based on the same estimation procedures and assumptions. Thus, our comparisons focus on relative differences (e.g., specimen a > specimen b > specimen c) and not on absolute values.
The three main procedures of line fitting to create estimation equations from a bivariate dataset are ordinary least squares (OLS), major axis (MA), and reduced major axis (RMA) regression analysis. Anthropologists are divided between using and recommending OLS (Jungers, 1988a; Ruff and Walker, 1993; Ruff et al., 1997; Koenigsberg et al., 1998; Smith, 2009; Holliday, 2012; Dingwall et al., 2013) , RMA (Sjøvold, 1990; Aiello, 1992; Hartwig-Scherer, 1994; Carretero et al., 2012) , or MA (Feldesman and Lundy, 1988; Martin and Barbour, 1989) for estimating body size. The choice of a line-fitting model depends upon the biological relationship between the dependent and independent variables, as well as the context and aim of the study (Aiello, 1992; Smith, 2009; Carretero et al., 2012) .
We generated OLS linear regression equations for the estimation of FHD and stature from measurements of the modern human reference sample. Since information on sex is rarely available for the early Homo specimens, the regression equations are based on pooled sex data. We transformed all linear measurements logarithmically to base 10 to ensure normal distribution, homoscedacity, linearity between dependent and independent variables, and to reduce the effect of outliers (Smith, 1980; Martin and Barbour, 1989) . All log 10 -log 10 linear regressions were performed on one independent variable (univariate). We used OLS as the method of line fitting, as the main purpose of the regressions is one-way prediction of body size from measurements of the postcranial skeleton. Furthermore, due to the careful choice of the reference samples, the various body size estimates (e.g., FHD) of early Homo fall within the general size range of the reference populations (SOM Table 5 ). Hence, either no, or very little, extrapolation is required, allowing the use of OLS (Jungers, 1988a; Aiello, 1992; Auerbach and Ruff, 2004; Smith, 2009; Kurki et al., 2010) . As size estimations often have (large) error margins it is best practice to state the 95% confidence intervals of estimates whenever this is possible (Steudel, 1985; Smith, 1996; Porter, 2002) .
We used a total of 95 regression equations to predict stature and FHD (body mass) for the early Homo specimens. Our choice of the best regression equation for the prediction of each specimen is based on the equations that provided the lowest percent standard error of estimate (%SEE; Trotter and Gleser, 1958; Smith, 1980 Smith, , 1984 Dagosto and Terranova, 1992) . While the regression equations in the reference sample are exclusively based on adult individuals, some early Homo remains are either clearly adolescent (KNM-WT 15000; KNM-ER 1812; 'D2700/2735'; SK 853) or might be (OH 8: Susman, 2008; Susman et al., 2011; but see DeSilva et al., 2010) . With the exception of KNM-WT 15000 and OH 8, these individuals were excluded from the estimation procedure. For KNM-WT 15000, we used the average values of the most recent estimates of adult body size by Ruff and Burgess (2015) . Regarding OH 8, we choose to follow the adult assessment of DeSilva et al. (2010) .
To control for the potential unreliability of single estimators of body size in our database (e.g., reconstructed or multiple measurements), we compared the mean values of all different estimates per specimen with the best prediction. All estimates were divided into those derived from lower limb variables and those derived from the remainder of the skeleton. This accounts for the possibility that upper and lower limbs scale differently to body size in early Homo compared with modern humans (Johanson et al., 1987 ; Hartwig-Scherer and Martin, 1991; McHenry and Berger, 1998; Ruff, 2009) . Previous studies found lower limb variables to be the most reliable and accurate estimators of stature and body mass (e.g., McHenry, 1991 McHenry, , 1992 , hence more confidence is attributed to these results. However, since many early Homo fossils do not preserve lower limb elements, using values from the entire skeleton carries the advantage of increasing sample size considerably.
Some of the measurements used to estimate body size in the reference populations have low sample sizes (see SOM Tables 8 and  9 ), potentially influencing the accuracy of the regression equations. This applies particularly to talar measurements (n < 30). In order to control for potential bias when using these equations to estimate body size in early Homo, we checked whether the exclusion of talus specimens (n ¼ 5; KNM-ER 813; KNM-ER 5428; OH 8; Omo 323-76-898; SKX 42695) had an impact on the temporal and spatial results. The use of diaphyseal areas to estimate body mass in fossil Homo (n ¼ 6 in our sample) poses a more general problem. As early Homo probably had wider femoral diaphyses relative to body size than modern humans, the body mass equations based on our reference sample potentially overestimate true values (Trinkaus and Ruff, 2012; C. Ruff, Personal communication) . In order to control for the magnitude of this effect, we predicted FHD from femoral midshaft and subtrochanteric diaphyseal areas (mediolateral * anteroposterior dimensions) in specimens that preserve both measurements.
To assess whether body size in early Homo varies across time and space, we pooled the best estimates of body size for individual specimens by spatiotemporal groups and analysed them relative to chronological and geographical categories. Non-parametric KruskaleWallis tests were used to investigate significant differences (p < 0.05) between more than two groups where sample sizes permitted. Post-hoc comparisons among groups were made using ManneWhitney U-tests with Bonferroni correction to protect against Type I errors (Siegel and Castellan, 1988; Sokal and Rohlf, 1995; Zar, 1996) . We conducted univariate linear regressions with time as the dependent variable on FHD (body mass) and stature to analyse chronological trends in more detail and test for significant correlations. All calculations and statistical analyses were performed using Microsoft Excel 2007 and SPSS 19.0 for Windows.
Results

Regression equations and body size estimates of individual early Homo specimens
The univariate log 10 -log 10 linear regression equations created for stature and FHD from the reference sample indicate that 79 of 95, and 89 of 95 estimator variables, respectively, reach significant correlation (p < 0.05; SOM Tables 8 and 9 ). Measurements that correlate significantly with stature (n ¼ 79) exhibit %SEEs and %PEs below a maximum of~6%, with the majority falling in a %SEE range of 3e5%. The 89 measurements significantly correlated with FHD show %SEEs and %PEs below a maximum of 11% and 9%, respectively. The high number of significant correlations and the low maximum %PEs and %SEEs suggest that from a mathematical point of view, most of the employed metric traits can be used to estimate stature or FHD (body mass) in the early Homo specimens. Having said this, there is still the potential that systematic differences in body proportions between early and modern Homo bias the predictions (see below).
Tables 4 and 5 provide the estimates of stature and FHD from the best predictor variables per individual early Homo specimen. When FHD is preserved, the direct measurement was used. The 95% confidence intervals indicate the (sometimes large) error ranges associated with the estimation process. Individual estimates of body mass (Table 6 ) are based on the best predictions of FHD, with indication of the range based on the 95% CI of the FHD estimates. The range of stature (133.82e173.19 cm) and FHD (31.92e52.05 mm) estimates fall within or only slightly below the ranges of the reference sample (SOM Table 5 ). In terms of sample sizes, stature, FHD, and body mass were estimated for a total of 39 specimens, with 27 values deriving from lower limb predictors. To the best of our knowledge, more than a dozen of these early Homo specimens had no previously published stature (KNM-ER 813, 1473 , 1475 , 1812 OH 48, 49; Omo 323e76e898; Stw 311, 567, 571; SK 84, 85; SKX 2045, 34805, 42695; SKW 2954, 3646) or body mass estimates (KNM-ER 5881, 5882; Omo 323e76e898; Stw 567, 571; SK 84, 85; SKX 2045, 34805; SKW 2954, 3646) .
We examined the effect of using only tropical populations from our reference sample to estimate body size in early Homo specimens from eastern Africa (SOM Appendix 1). For stature, individual differences between global and tropical equations mostly amount to ± 2%, with rare deviations up to 7% (SOM Table 12 ). There is, however, no consistent trend of over-or underestimation. FHD values from the tropical equations show that the global sample generally overestimates body mass, but again most differences fall in a range of ± 2% (SOM Table 13 ). Considering the lower sample sizes for all measurements in the tropical sampledand the fact that some measurements are completely missing in this sub-setdwe chose to use the estimates from the global equations for all further analyses.
An individual level test for differences in body proportions that might bias the body size predictions is possible for five adult specimens of early Homo. Upper limb (and axial) variables tend to overestimate stature and body mass compared with the hindlimb estimators for OH 62 and KNM-ER 3735 and to a lesser extent in the Dmanisi specimen (Figs. 2 and 3) , indicating diverging upper limb morphology from the modern human reference sample. No such systematic difference exists for KNM-ER 803 and 1808. These findings suggest that estimates of body size that derive from measurements of the lower limb are more accurate predictors for the entire early Homo sample compared with upper limb and axial variables.
The control of body size estimates within single specimens was based on the percentage difference (%diff) between the best and mean predictions from lower limb variables only (Tables 4 and 5 ). In general, most predictions show %diff below 5%, indicating that the best values provide comparable results. For a few specimens, the %diff falls above 5% (stature: n ¼ 2; FHD: n ¼ 3). However, only for KNM-ER 1808 does this apply to both variables. In summary, most of the best estimators from the lower limbs compare well with the mean values and are thus consistent measurements to predict stature and FHD (body mass) in early Homo.
For FHD, the accuracy of the employed regressions could be further controlled by comparing estimated values in specimens that preserve the actual FHD. The majority of measurements predict actual FHD reasonably well, lying below 10% divergence (SOM Table 14) . Although rare deviations above 20% occur, the majority of regression equations perform within an appropriate level of accuracy (cf. Aiello and Wood, 1994) . Only three adult early Homo specimens allowed prediction of FHD from diaphyseal areas. For one specimen, femoral midshaft and subtrochanteric diaphyseal areas underestimate FHD (2e7%), but for two fossils these measures overestimate FHD (3e9%; SOM Table 14) . These results suggest that using diaphyseal areas sometimes overestimates body mass when applied to early Homo (see Trinkaus and Ruff, 2012) , but the effect appears to be small and applies to only six specimens in our sample. Furthermore, there are not enough data on fossil hominins at this point to adequately derive regression equations to standardize our estimates by.
Body size by chronology
To investigate chronological trends in body size we plotted estimates for individual fossils of early Homo on a time axis with indication of spatiotemporal group membership (Fig. 4) Figs. 4 and 5, the sample size and chronological duration are too low to analyse temporal trends within groups.
In conclusion, our analyses found both significant and nonsignificant linear correlations between time and measures of body size, depending on the sample of early Homo specimens included. While there is an increase in body size through time when considering the start and end points, with very large body sizes only occurring at the end of the studied period (Koobi Fora <1.7 Myr), small-bodied individuals occur throughout 1.9e1.5 Myr. The low R 2 -values of the linear regressions suggest that factors other than chronology also influenced body size in our sample of early Homo.
Body size by geography
We performed three separate analyses to compare estimates of body size in early Homo by their geographical origin, taking into account chronological information when necessary. This approach allowed for the application of statistical methods to investigate spatial differences. First, given that the samples are separated by less than 1000 km, we examined whether there is significant regional variation in body size of early Homo within eastern Africa. To answer this question, we used KruskaleWallis tests to compare the best estimates of body size from both the lower limb variables and the entire skeleton between Koobi Fora (>1.8 Myr), Olduvai Gorge (~1.8 Myr), and Koobi Fora (<1.7 Myr). The results of all four tests indicate significant differences between the three groups for stature and FHD (n ¼ 21; p ¼ 0.001e0.004). Pairwise post-hoc comparisons show significant differences between Koobi Fora (<1.7 Myr) and Olduvai Gorge (p ¼ 0.001e0.005), but also between the two groups from Koobi Fora (p ¼ 0.031e0.042). In both cases, specimens from Koobi Fora (<1.7 Myr) are significantly larger in body size. We performed further analyses of regional differences by combining the two Koobi Fora groups and comparing them with Olduvai Gorge. The ManneWhitney U-test demonstrates that the combined Koobi Fora group is significantly larger in stature and FHD (body mass) than the Olduvai Gorge specimens (p ¼ 0.001e0.030).
In a further test of geographical patterns within the entire sample of early Homo we employed KruskaleWallis tests to analyse the difference between body size estimates of the combined eastern African groups, the southern African fossils, and the Dmanisi specimens. We used both the best estimates from the lower limbs and the entire skeleton. The results suggest that there are no significant differences between the groups for stature and FHD based on the lower limb estimates (p ¼ 0.486; p ¼ 0.329). The same applies to stature from all estimates (p ¼ 0.066), but differences for FHD are significant (p ¼ 0.008). In this analysis, the eastern African group is significantly larger than the southern African group (p ¼ 0.007).
A potentially confounding factor in this analysis is the lumping of three separate groups into the 'eastern Africa group,' as they exhibit significant differences in stature and FHD from one another. To account for this, the differences between southern and eastern Africa were analysed in more detail. We compared the southern African group to Koobi Fora (<1.7 Myr) and both Olduvai and Koobi Fora (>1.8 Myr). The ManneWhitney U-test demonstrates that Koobi Fora (<1.7 Myr) yields significantly larger stature (p < 0.006) and FHD (p < 0.006) estimates compared with the southern African group. In the second part of the analysis, KruskaleWallis and ManneWhitney U-tests show no significant pairwise differences between southern African specimens and both Olduvai and Koobi Fora (>1.8 Myr) for estimated stature or FHD values (p > 0.111). Hence, the geographical difference between eastern and southern Africa is mainly driven by the large Koobi Fora group (<1.7 Myr).
A third analysis examined body size differences among early Homo before and after the earliest dispersals out of Africa. To this end we performed individual ManneWhitney U-tests between the two potential source populations in eastern Africa that predate Dmanisi and the eastern African group that postdates these expansions. For all estimates of stature and FHD neither Olduvai (p > 0.267) nor Koobi Fora (>1.8 Myr; p > 0.273) are significantly different from the Dmanisi specimens. In contrast, there is a complete separation without overlap between fossils from Koobi Fora (<1.7 Myr) and Dmanisi when looking at individual body size estimates. These differences are significant for stature and FHD when estimates from the entire skeleton are used (p ¼ 0.044) and nearsignificant for estimates from the lower limbs only (p ¼ 0.056), despite the very small sample sizes (n ¼ 9). For illustrative purposes, Tables 7e9 and Figs. 6e8 summarize the mean values of the best estimates for stature, FHD, and body mass, organised by the five spatiotemporal groups. For all three parameters of body size the same relative pattern from largest to smallest emerges when lower limb predictors are used (n ¼ 27): Koobi Fora (<1.7 Myr), Koobi Fora (>1.8 Myr), southern Africa (1.8e1.4 Myr), Dmanisi (~1.8 Myr), Olduvai Gorge (1.75 Myr). Using predictor variables from the entire skeleton (n ¼ 39) yields a similar pattern but with markedly larger ranges for most groups. The sample of fossils from Koobi Fora (<1.7 Myr) shows by far the highest estimates of body size for all predictors.
Finally, we performed all spatial and chronological analyses without estimates of body size derived from talar measurements (n ¼ 5), due to the small sample sizes of the original regression equations. In so doing, the chronological regressions provide principally the same picture as before, with the exception that the linear correlation between stature and time becomes nonsignificant (p ¼ 0.058) when excluding the Olduvai specimens from the analyses. The relative pattern of all three parameters of body size for the five spatiotemporal groups also remains constant, with slight fluctuations in average values. The only change in the spatial analyses concerns the differences between Koobi Fora (<1.7 Myr) and Dmanisi, which become partially non-significant (p ¼ 0.044e0.056) in the ManneWhitney U-test. This result, however, is entirely contingent upon the lower sample sizes in the non-parametric statistical analyses, as the body size values of both groups are still non-overlapping. Thus, the exclusion of talar body size estimates does not change any of the results in a substantial manner. a Body mass is calculated based on the best value of the predicted FHD. b Adult body mass estimates after Ruff and Burgess (2015) . c 95% confidence intervals are based on the 95% CI of the best FHD estimation.
Body mass values for specimens with preserved FHD are calculated by ± 20% . d Indicates measures of actually preserved FHD of early Homo specimens. 
Discussion
Spatial and temporal variation in the body size of early Homo
In our analysis of spatial and temporal variation of body size among early Homo, we did not find simple geographical or chronological trends. Regarding geography, eastern Africa includes the two groups with the largest estimates of body size (both at Koobi Fora) but also the one with the lowest (Olduvai). The southern African and Eurasian groups lie in between. Having said that, closer consideration of the variation between groups of different regions, based on the identification of statistically significant differences within an expanded sample size, demonstrates that there are geographical patterns of body size among early Homo. We found consistent and significant regional variation in stature and FHD (body mass) within early Homo of eastern Africa. Specimens at Koobi Fora (<1.7 Myr) are significantly larger in body size than both the individuals from Olduvai and Koobi Fora (>1.8 Myr). We did not find significant differences between the older Koobi Fora (>1.8 Myr) and Olduvai fossils. Our results also indicate the existence of significant differences in body size between eastern and southern Africa. Specimens from southern Africa are significantly smaller than the roughly contemporaneous early Homo fossils from Koobi Fora (<1.7 Myr) but not different from the earlier specimens from Koobi Fora (>1.8 Myr), Dmanisi (~1.8 Myr), and Olduvai (1.75 Myr). The size variation within the entire sample of early Homo specimens does not conform to a uniform increase through time. Larger body size estimates occur at the beginning (~1.9 Myr) and particularly the end (~1.6e1.5 Myr) of the analysed period, while specimens in betweendparticularly the very small Olduvai fossils at~1.75 Myrdshow lower values. The possibility that several species of early Homo, with marked variations in body size, are included constitutes a potential confounding factor when using the entire sample of early Homo (e.g., Wood and Collard, 1999; Schrenk et al., 2007; Spoor et al., 2007; Ruff, 2009; Ant on, 2012; Leakey et al., 2012) . When removing the Olduvai specimens from the temporal analysisdwhich are consistently the smallest groupdthere is a stronger signal of a linear increase in body size through time in the remaining sample of early Homo (Fig. 5 ) that also reaches statistical significance. The most marked temporal change in the studied period is the dramatic increase in body size of Koobi Fora specimens that post-date 1.7 Myr (see also Ruff and Burgess, 2015) .
Interestingly, smaller-bodied individuals persist throughout 1.9e1.5 Myr (Fig. 4) , even when excluding the Olduvai fossils (Fig. 5) .
Regarding the earliest dispersals from Africa to Eurasia, we found significant differences and no overlap between the ranges of body size parameters for specimens from Koobi Fora (<1.7 Myr) and Dmanisi. On the other hand, potential source populations in eastern Africa that predate Dmanisi are not significantly different in their estimated body sizes. They are either smaller (Olduvai) or larger (Koobi Fora, >1.8 Myr). Marked body size increases in eastern Africa during the Early Pleistocene appear to take place only after the dispersals to Eurasia, with the notable exception of KNM-ER 3228 (see below). The confidence that we ascribe to these findings derives from their general consistency and repeatability under various conditions, including the use of different analytical methods, estimators, and body size parameters.
How can we explain the observed variations in body size? Apart from the potential impact of nutrition or local environmental factors, sexual dimorphism might play a role (e.g., Jungers, 1988b; McHenry, 1994; Plavcan and Cope, 2001; Ant on, 2003 Ant on, , 2012 Plavcan, 2012) . However, almost all studied spatiotemporal groups include smaller and larger individuals and assessing sex based on the isolated and fragmentary postcranial remains of early Homo is nearly impossible (cf. Ant on, 2012; Plavcan, 2012) . Yet, there is no reason to expect systematic bias towards any sex within the spatiotemporal groups. While sexual differences remain an important source of variation, available data are inappropriate for such an analysis.
Taxonomic differences may actually explain a significant amount of the observed variation. Although we set out explicitly for a 'taxon-free' approach, this study provides contextual information on size variation between potential lineages. The body size estimates of the taxonomically controversial Dmanisi hominins, which have been linked to either H. ergaster, H. habilis, Homo georgicus, or even H. erectus ergaster georgicus (Vekua et al., 2002; Rightmire et al., 2006; Lieberman, 2007; Lordkipanidze et al., 2007 Lordkipanidze et al., , 2013  Pontzer et al., 2010; Jim enez-Arenas et al., 2011; Bermúdez de Castro, 2014; Zollikofer et al., 2014) , lie closest to the smallbodied Olduvai specimens at~1.75 Myr and fall outside the range of Koobi Fora fossils younger than 1.7 Myr. Based on a larger sample of early Homo specimens and the application of statistical tests, our study supports the ancestral status of body size in the Dmanisi individuals (Lordkipanidze et al., 2007; Pontzer et al., 2010) , which is important for taxonomic attributions of these fossils.
The significant differences in size between fossils at Olduvai Gorge~1.75 Myr and Koobi Fora after 1.7 Myr might reflect taxonomic differences between H. habilis and H. ergaster, respectively (e.g., Leakey et al., 1964; Brown et al., 1985; Leakey and Walker, 1985; Johanson et al., 1987; Wood, 1992; Walker and Leakey, 1993) . The small body sizes at around 1.75 Myr in Olduvai and the differences in the estimates from upper and lower limbs (Figs. 2  and 3 ) could support previous conclusions that H. habilis is not part of the same evolving lineage as H. ergaster (Wood and Collard, 1999; Ruff, 2009; Wood, 2009 Wood, , 2014 Berger et al., 2010) . When excluding the Olduvai specimens from the chronological analyses, the trajectory of body size evolution in early Homo also conforms better to the hypothesis of a consistent increase through time (e.g., Foley, 1987) . Nevertheless, the previously described taxonomic ambiguities and potential circularities of attributing postcranial specimens to any early Homo species must be taken into account. In addition, the finding of significant differences in body size between older and younger fossils from Koobi Fora remains an enigmatic aspect in this scenario if one does not invoke an additional species such as H. rudolfensis (e.g., Alexeev, 1986; Wood, 1992; McHenry and Coffing, 2000; Spoor et al., 2007; Ant on, 2012; Leakey et al., 2012; Ant on et al., 2014) . Particularly in the latter case, our results do not necessarily need to reflect taxonomic differences, but could also indicate that intra-species variation in body size through time (e.g., at Koobi Fora) is larger than previously recognized (see also Ant on et al., 2014) . To answer this question, future studies will need to assess the potential extent of intra-versus inter-species variation in body size of extinct hominins.
Recent size estimates for the adult specimen of Australopithecus sediba (MH 2) based on the preserved FHD (32.7 mm) and estimated body mass (33.3 kg; Berger et al., 2010; Kibii et al., 2011) fall outside and below the range of the entire sample of early Homo in this study. This might inform current debates about whether or not this species, dated to~1.977 Myr, is a direct ancestor of the genus Homo (Pickering et al., 2011; Irish et al., 2013; Kimbel, 2013) .
Several postcranial specimens deserve individual discussion to contextualize and evaluate the findings from our analyses. The attribution to Homo is challenged for some of the fossils included in the sample, particularly for southern African specimens such as SK84, SKX 34805, and SKX 42695 (e.g., Susman, 1989; Trinkaus and Long, 1990; Zipfel et al., 2011 ). Susman (1989 initially classified the distal humerus SKX 34805 to Paranthropus but subsequently reassigned the specimen to Homo based on comparisons of an expanded sample of distal humeri at Swartkrans (Susman et al., 2001) . Only further morphological studies and comparisons with distal humeri definitely associated with Homo can clarify the taxonomy of this specimen. In terms of its estimated body size values, SKX 34805 falls close to the mean of its southern African group. The same applies to the fragmentary femur KNM-ER 3728 within the Koobi Fora group >1.8 Myr, which could be either Homo (McHenry, 1991; Walker and Leakey, 1993) or Paranthropus boisei (Howell, 1978; Feldesman and Lundy, 1988; Wood, 2011a) . Since these fossils lie close to the mean of their respective spatiotemporal groups, their potential exclusion does not change the main findings of this study. Nevertheless, if these specimens are indeed Paranthropus there would be a large overlap in body size with early Homo in southern and eastern Africa. Since it is difficult to securely attribute much of the southern African fossil material to a genus, the results for this spatiotemporal group should be treated with caution.
OH 62 and KNM-ER 3735 are important specimens as they constitute the only fossils included here that are directly identified as H. habilis (Johanson et al., 1987; Leakey et al., 1989; Holliday, 2012) . Based on their reconstructed body size (e.g., OH 62 at 100e120 cm; 20e37 kg) and proportions, some scholars have considered H. habilis to be an australopithecine grade hominin (Johanson et al., 1987; Feldesman and Lundy, 1988; McHenry, 1992; Hartwig-Scherer, 1993; Wood and Collard, 1999; Ruff, 2009 ). These conclusions have subsequently been criticized due to the highly fragmentary nature of the fossils (Korey, 1990; Richmond et al., 2002; Reno et al., 2005; Holliday, 2012) , and recent studies have reached different conclusions McHenry, 2004, 2007; Pontzer, 2012) . For our predictions, we used the midpoint value of the estimated femur length for OH 62 (354e404 mm) suggested by Haeusler and McHenry (2004) . While some researchers rightly criticise this value as being speculative due to the incomplete nature of the specimen (cf. Korey, 1990; Richmond et al., 2002; Reno et al., 2005; Holliday, 2012) , body size estimates from our study based upon six different femoral measurements available from this fossil produce corresponding estimates, which are all distinctly larger than those of previous studies. Our estimates place OH 62 slightly above the mean of the entire Olduvai group for its estimated stature, but with a smaller FHD and body mass than the other specimens in this group. While this fossil falls at the lower end of the range of body size variation for the entire sample of early Homo, it is not atypically small. Interestingly, KNM-ER 3735 exhibits almost the same values for the estimated parameters of body size (contra Leakey et al., 1989; Haeusler and McHenry, 2007) . With these estimates, KNM-ER 3735 represents by far the smallest individual of the Koobi Fora specimens >1.8 Myr, and can be seen as an outlier for this group concerning FHD and body mass (Fig. 4) .
KNM-ER 3228 constitutes an important fossil for the examination of body size evolution in early Homo. Researchers are divided between allocating this fossil to H. rudolfensis (McHenry and Coffing, 2000) or H. ergaster (Rose, 1984; Ant on, 2003; Wood, Personal communication) . The importance of KNM-ER 3228 derives from its early age (~1.9 Myr) and its relatively modern pelvic morphology with adaptations to obligate bipedality (Rose, 1984) . Apart from its species allocation, KNM-ER 3228 is at present the only fossil of early Homo that provides evidence for large body size before the earliest dispersals out of Africa at~1.8 Myr. This is reflected in the outlier position for stature in the chronological analysis (Fig. 4) . The taxonomic attribution of KNM-ER 3228 thus remains crucial for scenarios regarding the earliest dispersals into Eurasia and the antiquity of large-sized H. ergaster.
Evolutionary implications
The earliest dispersals of hominins into Eurasia ('Out of Africa 1,' see Wells and Stock, 2007; Fleagle et al., 2009) are often explained by an increase in body size and lower limb length of H. ergaster in association with changes in foraging behaviour (higher quality diet, such as meat). According to this 'ecomorphological model,' H. ergaster was the first hominin to colonize other continents due to its energetically efficient bipedal locomotion, long distance travel abilities, large home range sizes, and habitat tolerance (Ant on et al., 2001 (Ant on et al., , 2002 Foley, 2001 Foley, , 2002 Ant on and Swisher, 2004) . In this view, H. ergaster evolved in eastern Africa around 1.8 Myr and dispersed rapidly into Eurasia (but see Dennell and Roebroeks, 2005; Wood, 2011b) . Having said that, our findings support previous interpretations of the Dmanisi fossils as being in the lower range of variation among early Homo in terms of body mass and stature (Lordkipanidze et al., 2007) and lower limb length (Pontzer et al., 2010) . According to the postcranial evidence for body size presented in this study, the marked increase of body size variables in early Homo took place after 1.8 Myr in eastern Africa (see also Ruff and Burgess, 2015) . By this point, the dispersals had already happened, suggesting that migrations into Eurasia were possible without a significant increase in body size and possibly lower limb length. It is also important to note that no postcranial material older than 1.8 Myr has been unequivocally assigned to H. ergaster.
If we set the issue of the taxonomic relationship of the Dmanisi specimens to the African early Homo species aside, the small body size of the Dmanisi material fits well within the range found among some of the contemporaneous fossils within Africa (i.e., Olduvai Gorge). As body size is both heritable and plastic relative to life history (Wells and Stock, 2011; Kuzawa and Bragg, 2012) , it remains difficult to interpret the significance of the large size of a single individual such as KNM-ER 3228. The species attribution of this fossil, however, is crucial for the 'ecomorphological model' of dispersal. If the specimen is classified as H. ergaster, it is the single postcranial specimen of this taxon which suggests that increased body size may have been established prior to the dispersal, but it raises more taxonomic questions about the Dmanisi specimens. However, as pointed out above, KNM-ER 3228 could also be part of a single evolving lineage with much higher intra-species variability over time than previously assumed. With our data, we cannot unambiguously differentiate between these interpretations.
Our observations also have implications for questions regarding the taxonomy of early Homo. We found marked and significant differences in body size and proportions among the roughly contemporaneous groups of Koobi Fora and Olduvai Gorge that cannot be explained by either geography or time. While we cannot rule out the existence of extremely high intra-species variation in body size, our results are in agreement with the independent cranial evidence for at least two co-existing morphotypes in the Early Pleistocene of eastern Africa (Wood, 1992 (Wood, , 1999 Rightmire, 1993; Lieberman et al., 1996; Schrenk et al., 2007; Ant on, 2012; Leakey et al., 2012; Ant on et al., 2014) .
Limitations and future studies
We believe that a clear statement concerning the limitations of this study is important in order to improve future research into the body size of early Homo. While we considerably increased the sample of early Homo for which size has been estimated (n ¼ 39) by including more fragmentary and isolated fossils, an even finer resolution is required for improved geographical and chronological investigations. Variation between species can only be studied once the number of taxonomically secure postcranial fossils increases and the status of important specimens (e.g., KNM-ER 3228) is re-evaluated.
Arguably the most crucial limitation of this study is the utilisation of estimated stature and FHD (as indirect body mass measurement) to create all regression equations because actual values of body height and weight were not available for the comparative populations. We justified this approach based on the fact that hunter-gatherer groups, including very small and large individuals, constitute a more adequate reference sample for early Homo than (post-) industrial modern humans. While these issues do not compromise the analyses of strictly relative differences, more reliable absolute estimates could be obtained from reference samples of known or reconstructed stature and body mass. Another potential methodological limitation is the use of OLS as a linefitting technique. Although it is more appropriate than MA/RMA in the context of this study, 'inverse calibration' could be an additional option (Koenigsberg et al., 1998; Hens et al., 2000) .
Many of the linear measurements collated for the early Homo database carry potential errors (see SOM Table 2 ). The sources of these errors include the estimation of bone lengths, diverging values obtained by several researchers on the same specimen, different measuring techniques (analog versus digital), and disagreement about definitions of measurements. These potential errors are intrinsic in the published data, however, and could not be overcome by us. While the error margins are particularly large for some of the elements that are usually not used in the estimation of body size (e.g., SKX 3342; OH 49), at present there is no other means of estimating size from these specimens.
In a similar way, different body proportions in some of the early Homo specimens (e.g., H. habilis) compared with the reference sample of modern humans might introduce systematic errors. While we tried to factor this into our analyses by focussing on estimates from the lower limbs only, there is still the possibility that some species had relatively smaller lower limbs compared with modern humans. As we do not know the body proportions for the vast majority of included specimens, and discussion about body proportions in early Homo species is still ongoing (McHenry, 1992; Hartwig-Scherer, 1993; Wood and Collard, 1999; Richmond et al., 2002; Haeusler and McHenry, 2004; Reno et al., 2005; Ruff, 2009; Holliday, 2012; Pontzer, 2012) , we could not completely circumvent this problem in the study.
In light of the above stated limitations, this study should be considered as a first step to render the size of early Homo postcranial fossils more broadly comparable through space and time, which can be improved on both methodological and empirical grounds (cf. Plavcan, 2012) . In order to obtain more accurate regression equations that yield better absolute estimates of body size, anatomical reconstruction of stature (Raxter et al., 2006; Auerbach and Ruff, 2010) coupled with morphometric estimation of body mass (Ruff, 2000; Auerbach and Ruff, 2004) could be employed on a global sample of well-preserved skeletons of preindustrial hunter-gatherer populations. These reference populations could also include a larger sample of all climatic zones in order to test for the magnitude of latitudinal effects on the resulting estimation equations.
In the absence of more securely dated fossils representing an expanded geographic range Kimbel, 2009 ), the quality and quantity of data on the postcranial remains could be increased by applying new data capture techniques and virtual reconstructions of fragmentary fossils (e.g., Wood, 2010) . Furthermore, the use of more linear measurements with larger sample sizesdsuch as from the tarsals, carpals, foot/hand phalanges, and scapuladwould enable the creation of more reliable regressions of body size estimations in an even greater number of purported early Homo specimens. Finally, future studies could include broadly contemporaneous australopithecine specimens to evaluate body size differences between larger samples of early Homo as well as Australopithecus and Paranthropus or analyse spatial and temporal variation in fossil Homo throughout the entire Pleistocene (see Ruff et al., 1997; Holliday, 2012; Pontzer, 2012) .
Conclusion
In order to compare body size among specimens of early Homo, we developed regression equations to estimate stature and body mass from a wide range of isolated and fragmented postcranial remains (n ¼ 39). With this approach, we rendered the size of different skeletal elements comparable through estimates of common size parameters. Our analyses of these estimates suggest that:
There is abundant temporal and spatial variation but no consistent unilinear temporal or geographical trend in the evolution of body size when looking at the entire sample of fossils currently attributed to early Homo.
The general pattern of temporal variation in early Homo shows increasing body size through time when considering the start and end point of this study (2.2e1.5 Myr). Pronounced body size increases in early Homo were established only after the dispersals out of Africa (<1.8 Myr) in the eastern African fossil record. The Olduvai fossils produce estimates of body size that are distinctly smaller compared with the other spatiotemporal groups, raising questions with respect to their taxonomic status. Without the Olduvai specimens, the trajectory of body size evolution in early Homo conforms better to the hypothesis of a consistent increase in body size through time. The earliest hominins outside Africa (Dmanisi, 1.77 Myr) fall in the lower range of variation in the entire early Homo sample, supporting interpretations that the earliest migrations into Eurasia were not contingent upon a marked increase in body size. The primary evidence for pronounced increases in body size among early Homo comes from Koobi Fora, suggesting regional variation in size. The eastern African specimens comprise the two groups with the largest body sizes at >1.8 Myr and <1.7 Myr (both Koobi Fora) but also the one with the lowest at~1.75 Myr (Olduvai Gorge). The statistically significant differences in body size between these groups are consistent with the cranial evidence for at least two separate and co-existing lineages in the Early Pleistocene of eastern Africa. This study presents the first application of statistical tests to examine geographical variation in body size among early Homo.
Despite various problems and limitations that complicate studies of body size estimation in extinct hominins (e.g., Steudel, 1985; Martin and Barbour, 1989; Aiello, 1992; Dagosto and Terranova, 1992; McHenry, 1994; Ruff, 1994 Ruff, , 2002 Ruff, , 2009 Smith, 1996 Smith, , 2009 Koenigsberg et al., 1998; Hens et al., 2000; Porter, 2002; Kurki et al., 2010; Carretero et al., 2012; Plavcan, 2012; Dingwall et al., 2013; Ruff and Burgess, 2015) , we encourage the search for new approaches of estimating and analysing this important biological variable. A better understanding of body sizedeven on strictly relative groundsdis crucial to obtain a more complete and coherent picture of the origin, adaptive strategies, and evolution of the genus Homo. We consider our contribution as a small part of this process.
